High-titer autologous neutralizing antibody responses have been demonstrated during early subtype C human immunodeficiency virus type 1 (HIV-1) infection. However, characterization of this response against autologous virus at the monoclonal antibody (MAb) level has only recently begun to be elucidated. Here we describe five monoclonal antibodies derived from a subtype C-infected seroconverter and their neutralizing activities against pseudoviruses that carry envelope glycoproteins from 48 days (0 month), 2 months, and 8 months after the estimated time of infection. Sequence analysis indicated that the MAbs arose from three distinct B cell clones, and their pattern of neutralization compared to that in patient plasma suggested that they circulated between 2 and 8 months after infection. Neutralization by MAbs representative of each B cell clone was mapped to two residues: position 134 in V1 and position 189 in V2. Mutational analysis revealed cooperative effects between glycans and residues at these two positions, arguing that they contribute to a single epitope. Analysis of the cognate gp120 sequence through homology modeling places this potential epitope near the interface between the V1 and V2 loops. Additionally, the escape mutation R189S in V2, which conferred resistance against all three MAbs, had no detrimental effect on virus replication in vitro. Taken together, our data demonstrate that independent B cells repeatedly targeted a single structure in V1V2 during early infection. Despite this assault, a single amino acid change was sufficient to confer complete escape with minimal impact on replication fitness.
The UNAIDS organization estimates that in 2008 alone there were between 2.4 million and 3 million new infections of human immunodeficiency virus (HIV) worldwide, with over half of these occurring in sub-Saharan Africa (61) . A vaccine to prevent these new infections is necessary; however, one major obstacle to this goal is the incredible genetic diversity of HIV type 1 (HIV-1) (15) . This variation is categorized into viral subtypes and circulating recombinant forms, of which subtype C is essential to study because of its global preponderance and its dominance in sub-Saharan Africa (58) . Within the viral genome, genetic variation is concentrated within the env gene, which encodes the surface unit gp120 and transmembrane unit gp41 (25, 28) . These two glycoproteins are noncovalently linked and trimerize to form surface spikes on the virion. These trimers not only display the receptor (CD4) and coreceptor (CCR5 and/or CXCR4) binding sites for the virus but are also the main targets of neutralizing antibodies (NAbs) during an immune response (3, 4, 19, 57) . HIV vaccine research has recently focused on defining epitopes in gp120 that are associated with neutralization breadth for use in an anti-body-based vaccine. However, in early infection, NAb responses raised against the founder virus or a limited set of variants do not usually possess this desirable property and are readily escaped. Thus, a better understanding of the early NAb response during natural infection could lead to clues about how to improve Env immunogens and minimize the potential for escape.
It has been shown that early autologous antibody responses occur within the first few months in HIV-1 infection (1, 2, 6, 18, 31, 49, 65) . In subtype C, this response has been shown to be of high potency but strain specific (7, 18, 31) . Recent research has begun to illuminate how this NAb response develops. Moore et al. (41) demonstrated that the acute humoral response in four subtype C-infected individuals was quite narrowly targeted against the virus. The NAbs during the first year of infection in these South African subjects had only one or two different specificities, mainly targeting either the V1V2 region or the C3 region of gp120. Furthermore, our group reported that in two subtype C-infected individuals from Zambia, not only was the acute NAb response focused on one or a few regions of Env but the virus escaped by using multiple pathways. Rong et al. (53) demonstrated that in one subject, escape mainly occurred through mutations in the V3 to V5 region of gp120. The requirements for escape, however, changed in this subject over time, sometimes relying on cooperative effects between different regions, such as V1V2 and the gp41 ectodomain, confounding the identification of early NAb epitopes. In a second subject, escape was driven continuously over a 2-year period by changes in V1V2 involving sequence changes as well as potential glycan shifts. Two B cell hybridomas that produced neutralizing monoclonal antibodies (MAbs) were isolated from this individual, allowing a more detailed analysis of viral escape. A potential glycan addition in V2 was suggested to be the dominant escape pathway from these two MAbs. Thus, the potent NAb response in acute subtype C infection has been shown to involve only limited targets in gp120 (often V1V2) and to exert pressure on the virus that is easily escaped, sometimes requiring only a single amino acid change.
The nature of the antibodies that make up this polyclonal plasma response in early infection has not yet been elucidated. Here we expand on our knowledge of the B cell response and neutralization at the monoclonal antibody level during early subtype C infection. Using five MAbs isolated from peripheral memory B cells circulating in a subtype C-infected subject between 49 and 69 months postseroconversion, we show that the MAbs produced by these B cells reflect the plasma pool at 8 months postseroconversion. The MAbs represent antibodies produced from three individual B-cell clones that have undergone somatic hypermutation, and they rely on residues 134 and 189 in V1 and V2, respectively, to neutralize the virus. MAbs 13.6A, 6.4C, and 8.9D have similar but not identical requirements for neutralization; however, the virus appears to develop an efficient escape pathway, becoming resistant to all five MAbs with a single amino acid change in V2. Our present study demonstrates how these clonally distinct antibodies from early infection target a single epitope formed at the interface of V1 and V2 and how the virus escapes without an overt replication fitness cost.
MATERIALS AND METHODS
Env clones. Details of the Zambia-Emory HIV Research Project (ZEHRP) cohort, sample collection, and processing have been described previously (11, 40, 53, 59) . The Envs studied here were derived from a newly infected subject from this cohort (subject 205F) whose polyclonal antibody responses at the plasma level have been studied in detail (53) . The Emory University Institutional Review Board and the University of Zambia School of Medicine Research Ethics Committee approved the informed consent and human subjects protocols. This subject did not receive antiretroviral therapy during the evaluation period. Singlegenome PCR amplification and cloning of the Envs have been described previously (21, 53) . The env genes were cloned into the cytomegalovirus-driven expression plasmids pcDNA 3.1/V5-His TOPO (Invitrogen), which were then used to generate viral pseudotypes. All Envs were derived from plasma or peripheral blood mononuclear cell (PBMC) DNA according to protocols previously described (31) and are subtype C. All amino acid sequences are based on subject 205F 0-month FPL Env 6.3 numbering.
PCR-based site mutagenesis and virus preparation. To generate V1V2 mutations, site-directed mutagenesis was performed by PCR using two overlapping primers that contained the mutated sequence for each Env using a strategy described previously (51, 53) . Briefly, the plasmid containing the 0-month FPL Env 6.3 env gene (plus the Rev-and partial Nef-coding sequences) was amplified using the following set of forward (F) and reverse (R) primer sequences (the mutated nucleotide is underlined, and the locations in HXB2 are provided): N134S F (positions 6613 to 6644; 5Ј-GCTGTAGCAA TTATAGCAATTGTAATGATACC-3Ј) and N134S R (positions 6613 to 6644; 5Ј-GGTATCATTACAATTGCTATAATTGCTACAGC-3Ј), N134Q F (positions 6613 to 6644; 5Ј-GCTGTAGCAATTATCAGAATTGTAATGAT ACC-3Ј) and N134Q R (positions 6618 to 6659; 5Ј-GGCAGTACTATAGG TATCATTACAATTCTGATAATTGC-3Ј), N134T F (positions 6613 to 6644; 5Ј-GCTGTAGCAATTATACCAATTGTAATGATACC-3Ј) and N134T R (positions 6618 to 6659; 5Ј-GGCAϾGTACTATAGGTATCATTACAATTGGTAT AATTGC-3Ј), N132Q F (positions 6613 to 6644; 5Ј-GCTGTAGCCAGTATAA CAATTGTAATGATACC-3Ј) and N132Q R (positions 6618 to 6659; 5Ј-GGC AGTACTATAGGTATCATTACAATTGTTATACTGGC-3Ј), N134T F (positions 6613 to 6644; 5Ј-GCTGTAGCAATTATACCAATTGTAATGATAC C-3Ј) nd N134T R (positions 6618 to 6659; 5Ј-GGCAGTACTATAGGTATCA TTACAATTGGTATAATTGC-3Ј), R189S F (positions 6779 to 6803; 5Ј-GCC TAATGATAGTAACTCTAGTGAGTATATATTA-3Ј) and R189S R (positions 6779 to 6803; 5Ј-TAATATATACTCACTAGAGTTACTATCATTAGGC-3Ј), and R189H F (positions 6779 to 6799; 5Ј-GCCTAATGATAGTAACTCTCAC GAGTATAT-3Ј) and R189H R (positions 6787 to 6811; 5Ј-CAATTTATTAAT ATATACTCGTGAGAGTTAC-3Ј).
The amplification conditions were 1 cycle of 95°C for 30 s and 18 cycles of 95°C for 30 s, 45°C for 1 min (the optimal annealing temperature was determined for each primer set), and 68°C for 9 min. The samples were then stored at 4°C. The 50-l PCR mixtures contained 100 ng of each primer, 10 ng of the plasmid template, 0.2 mM deoxynucleoside triphosphate, and 1ϫ reaction buffer. pfuUltra II Fusion Hotstart DNA polymerase (Stratagene) was used to generate the PCR amplicons, which were digested with DpnI to remove contaminating template DNA and then transformed into maximum-efficiency XL2-Blue ultracompetent cells (Ͼ5 ϫ 10 9 CFU/g DNA; Stratagene) so that the DNA volume did not exceed 5% of the cell volume. The entire transformation was plated onto LB-ampicillin agar plates, generally resulting in 10 to 50 colonies.
Colonies were inoculated into LB-ampicillin broth for overnight cultures, and the plasmid was prepared using a QIAprep spin miniprep kit. Each Env plasmid (1 g) was cotransfected into 293T cells along with 2 g of an Env-deficient subtype B proviral plasmid, pSG3⌬Env, using the Fugene-6 transfection reagent, according to the manufacturer's instructions (Hoffmann-La Roche). Transfection supernatants were collected at 48 h posttransfection, clarified by low-speed centrifugation for 20 min, aliquoted into portions of 0.5 ml or less, and stored at Ϫ80°C. The titer of each pseudotyped virus stock was determined by infecting JC53-BL (Tzm-bl) cells with 5-fold serial dilutions of virus as described previously (11, 31) . All env sequences were confirmed by nucleotide sequencing.
Generation of human monoclonal antibodies. B cells from several viably frozen PBMC samples of subject 205F collected at 49 and 69 months after infection were inoculated with Epstein-Barr virus (EBV) and plated at low cell densities in multiple 96-well tissue culture plates containing irradiated, mature human macrophage feeder cells prepared from HIV-seronegative subjects as previously described (67) . Two and 3 weeks later, culture fluids were screened for antibodies that were reactive by enzyme-linked immunosorbent assay (ELISA) and that could neutralize the founder autologous virus envelope 0-month FPB Env 1.1. B cells in antibody-positive wells were serially subcultured at increasing dilutions as described previously (50) . Clones of antibody-producing B cell lines from subject 205F did not grow well enough to allow scaling up of MAb production; therefore, MAbs were produced by molecular cloning (20) . RNA was isolated from antibody-positive cells and used in reverse transcription-PCRs to amplify VH and VL or VK genes for cloning into expression vectors (kindly provided by Yongjun Guan and George Lewis, University of Maryland). Subsequently, functional pairs of heavy-and light-chain vectors were cotransfected into 293T cells for MAb expression. MAbs were purified from culture supernatants by protein A affinity chromatography.
Screening ELISA for MAbs. For antibody screening we used a reverse-capture immunoassay, as previously described (50) . Briefly, B cell culture fluids were incubated in plates coated with goat anti-human IgG antibodies. Detergent (Triton X-100)-treated supernatant from cells transfected with plasmid expressing subject 205F 0-month FPB Env 1.1 gp160 was added to the wells. Bound HIV-1 Env was detected using a mixture of biotin-labeled human MAbs recognizing several nonoverlapping conserved sites in gp120 and gp41 (50) . The wells were incubated with peroxidase-streptavidin, and the signal was developed with tetramethylbenzidine-H 2 O 2 as the substrate. The color reaction was stopped with 1 M phosphoric acid, and the color was read as the optical density (OD)/ absorbance at 450 nm. An excess concentration (Ͼ100 g/ml) of human IgG was added to the dilution buffers to prevent the capture of the biotin-labeled human MAbs by the goat anti-human IgG, which would otherwise cause high background readings. OD readings greater than 1.500 were considered positive (they were usually Ͼ2.400), and the background OD was usually less than 0.200.
Neutralization screening assay for MAbs. B cell culture fluids were screened for neutralizing activity in an adaptation of the single-cycle TZM-bl neutralization assay described previously (50) . Briefly, supernatants from EBV-transformed B cells or transfected 293T cells were incubated with subject 205F 0-month FPB Env 1.1 pseudovirus in black 96-well culture plates. TZM-bl cells were added to a final concentration of 5 ϫ 10 3 cells/well with 37.5 g/ml DEAEdextran, and the plates were incubated for 48 h. Neutralization was assessed by analyzing the amount of luciferase produced from the pseudovirus-infected cells. Luciferase was quantified using a commercially available kit (BriteGlo; Promega). Typically, neutralizing activity was evident when the reduction in the 906 LYNCH ET AL. J. VIROL. number of relative light units (RLU) was greater than 70% compared to the average number of RLU in the plate. Pseudovirus inhibition assays. Neutralization assays using a panel of five autologous monoclonal antibodies were performed using viral pseudotypes to infect JC53-BL (Tzm-bl) indicator cells using a luciferase readout as described previously (11, 31, (51) (52) (53) . Briefly, 2,000 IU of pseudovirus was incubated for 1 h in Dulbecco minimal essential medium-10% fetal bovine serum (HyClone)-40 g/ml DEAE-dextran with serial dilutions of monoclonal antibody, and subsequently, 100 l was added to the indicator cells for a 48-h infection before being lysed and evaluated for luciferase activity.
Homology modeling of residues 134 and 189 in the V1V2 domain. The subject 205F EnvPL6.3 gp120 sequence was modeled using the MODELLER program (14) . The template for the homology model was a subtype C gp120 obtained by longtime all-atom molecular dynamics simulation using the CHARMM27 (37) potential in the NAMD program (45) . This simulated gp120 was modeled using all known CD4-bound gp120 structures (Protein Data Bank [PDB] accession numbers 1G9M [29] , 1RZK [24] , 2B4C [23] , 2NY7 [68] , 3JWD [44] , 3JWO [44] , and 3LMJ [12] ) as templates. In all of these structures, the core of gp120 was highly similar; however, it should be noted that 3LMJ was the only high-resolution structure of a subtype C gp120 sequence, while the rest were subtype B. Multiple templates were used because it has been shown that this creates highquality homology models. In addition, each template has slightly different regions of gp120 resolved. Before modeling of these templates, they were arranged in the trimeric state, which has been resolved using cryoelectron microscopy (PDB accession number 3DNO [33] ), in order to ensure that the hypervariable loops did not sterically clash with the neighboring monomers. During modeling, disulfide constraints were added for the conserved cysteines present in all gp120 sequences. All sequence alignments used for modeling templates were based on sequences in the HIV-1 database (www.hiv.lanl.gov). A 128-ns all-atom molecular dynamics simulation of the template described above was used to calculate the potential distance between N134 and R189.
Replication in CD4 ؉ cells using an NL4.3 proviral cassette. A panel of Envs was subcloned into a replication-competent NL4.3 backbone (34, 43) that we have used previously to evaluate replication of subtype C Envs (36). This system is amenable to accepting diverse env genes and facilitates substitution of virtually the entire coding region (only 36 and 6 amino acids at the N and C termini, respectively, are derived from NL4.3). PBMCs were isolated from the whole blood of a healthy, seronegative donor by Ficoll-Hypaque centrifugation. CD8depleted PBMC cultures were prepared by negative selection using Dynabeads (Invitrogen). The CD4-enriched PBMCs were cultured in complete RPMI medium for 3 days in the presence of 3 g/ml phytohemagglutinin (PHA) for activation prior to infection. Infected cultures were maintained in complete RPMI medium supplemented with 30 U/ml recombinant human interleukin-2 (IL-2; Roche) for up to 10 days. Every 2 days, 200 l of supernatant was collected for p24 analysis (Perkin-Elmer), and this volume was replaced with fresh complete medium with IL-2. The subtype C Env MJ-4 was cloned into the NL4.3 backbone and used as a positive control for these experiments. The infectious subtype C proviral clone MJ-4 (contributed by Thumbi Ndung'u, Boris Renjifo, and Max Essex) (42) was obtained from the NIH AIDS Research and Reference and Reagent Program, Division of AIDS, NIAID, NIH.
Nucleotide sequence accession numbers. The nucleotide sequences (either V1 to V4 or full length) from the present study have been deposited into GenBank under accession numbers GQ485415 to GQ485427.
RESULTS

Characterization of monoclonal antibodies isolated from a subtype C-infected patient and selected for neutralization activity against the founder Env.
Here we investigated autologous neutralization at the single antibody level by generating monoclonal antibodies isolated from subject 205F, a subtype C-infected seroconverter in the ZEHRP cohort. This subject was identified at a time of antigen-positive, antibody-negative status, allowing a date of infection to be accurately estimated ( Fig. 1 ). After seroconversion, Envs were cloned every 2 to 3 months from both the plasma and PBMCs of subject 205F and used to create a longitudinal panel of pseudoviruses against which autologous plasma was tested (53) . Zero-month Envs refer to the first antibody-positive time point. At 49 and 69 months postseroconversion, viable PBMCs were collected from subject 205F and used for selection of memory B cells and production of monoclonal antibodies ( Fig. 1 ). Specificity was tested by screening the antibodies for neutralization activity against a 0-month Env that was representative of the founder virus (53) .
Five MAbs that neutralized the founder virus were recovered by cloning of Ig heavy and light chains. The sequences of the five MAbs revealed that all antibodies were IgG with a gamma heavy chain and a lambda light chain. Furthermore, analysis of the VH regions suggested that these MAbs arose from three distinct B cell clones and had undergone somatic hypermutation. A neighbor-joining tree of the nucleic acid sequences revealed three significant lineages, suggesting that MAbs 6.4C and 8.9D were clonally distinct from the three other MAbs (6.1C, 10.9D, and 13.6A) ( Fig. 2A ). All five MAbs were derived from heavy-chain alleles IGHV3-15*01 and IGHJ4*02 with MAbs 6.4C and 8.9D using IGHD4-04*01 and MAbs 6.1C, 10.9D, and 13.6A using IGHD5-12*01. An amino acid alignment highlighted the fact that although MAbs 6.1C, 10.9D, and 13.6A have nearly identical sequences, there were 1 to 2 amino acid differences between them, indicating somatic variation (Fig. 2B ). Further analysis using the Joinsolver program confirmed that the latter three antibodies have the same DJ (D gene and J gene) joining sequence and the same number of n nucleotides (nontemplated junctional additions) at this junction, thus verifying that these are three somatic variants that arose from the same B cell clone (see Table S1 in the supplemental material). MAbs 6.4C and 8.9D were very similar in the CDR3 region; however, they did differ by 5 nucleotides (data not shown), and their DJ joining sequences and n nucleotides were different (see Table S1 in the supplemental material). Thus, we conclude that they arose from two distinct B cell clones, although we cannot distinguish between this inference and the possibility that they evolved over time after arising from the same B cell. All five antibodies had a heavy-chain CDR3 region composed of 16 amino acids, although the sequences differed according to the clone (Fig. 2B) . The MAbs showed evidence of affinity maturation as well. The frequencies of mutations compared to the germ line sequence were 8.84% for MAb 8.9D and MAb 12.93% for 6.4C and ranged from 3.74 to 4.42% for the three MAb variants 6.1C, 10.9D, and 13.6A. These nonsilent mutations were preferentially found in the complementarity-determining regions (CDRs) (see Table S1 in the supplemental material). Thus, there appeared to be three genetically distinct B cell clones that were isolated from subject 205F. The monoclonal antibodies likely arose before 8 months postseroconversion. Previous studies suggested that two of these monoclonal antibodies arose during early infection of subject 205F (53) . Here, all five monoclonal antibodies were tested for neutralization activity against a panel of Envs cloned from samples collected at between 0 and 8 months postseroconversion ( Table 1 ). The MAbs neutralized four of the five 0-month Envs fairly potently, with 50% inhibitory concentrations (IC 50 s) ranging from 0.09 to 0.69 g/ml. Surprisingly, the 0-month Env 6.3 was not neutralized by all of the MAbs. Three of the five antibodies could not reach 50% neutralization at the highest concentration tested (25 g/ml); however, antibodies 6.4C and 8.9D did neutralize this Env, with IC 50 s being 0.34 and 0.1 g/ml, respectively. At 2 months postseroconversion, all four Envs tested were sensitive to neutralization by the MAbs, although, again, MAbs 6.4C and 8.9D were the most potent antibodies, with all IC 50 s being under 0.2 g/ml. By 8 months postseroconversion, two Envs were resistant to all five monoclonal antibodies, and this pattern of sensitivity and resistance to neutralization by the MAbs mirrored exactly the neutralization pattern of the contemporaneous 8-month plasma sample. The fact that 8-month Envs 2.3 and 6.1 were resistant to both plasma and MAbs while Envs 1.2 and 3.4 were sensitive to both suggests that these MAbs likely represent the antibodies circulating in the plasma near this time point after seroconversion.
Glycosylation in V1 can confer sensitivity to monoclonal antibodies. Previously it had been shown that V1V2 was the major determinant of resistance to neutralizing antibodies in subject 205F during the first 2 years of infection (53) . Specifically, two residues, at position 134 in V1 and 189 in V2, that were each part of a potential N-linked glycosylation site were shown to influence neutralization sensitivity to MAbs 6.4C and 13.6A, but it was not clear whether the amino acid substitution or altered glycan motif at each site was responsible (position 189 was numbered position 197 elsewhere [53] ). Here, the requirement for these specific residues and for N-linked glycosylation at both positions was more fully explored using a mutagenesis strategy to detect neutralization determinants of three MAbs representative of the three distinct B-cell lineages (MAbs 6.4C, 13.6A, and 8.9D). The 0-month Env 6.3 was used as the background Env for these experiments because it lacked potential glycosylation motifs at both of these positions. Env 6.3 contains the sequence NYN at positions 132 to 134 in V1 ( Fig. 3B ) and is highly sensitive to neutralization by MAb 8.9D, sensitive to 6.4C, and resistant to 13.6A (Fig. 3A) . When the N134S mutation was introduced, thereby inserting the glycosylation motif NYS into V1, the Env remained sensitive to 8.9D and sensitivity to 6.4C increased, lowering the IC 50 from 0.34 to 0.1 g/ml. Most interestingly, Env 6.3 became fully sensitive to MAb 13.6A, indicating that either the serine or the glycan at this position might comprise a target for this antibody. The role of the potential glycan was further investigated by creating additional mutations that either did (NYT) or did not (NYQ, QYS) create glycosylation motifs in Env 6.3 (Fig.  3B ). Sensitivity to MAb 8.9D did not appear to be affected by any of the mutations, and so all Envs remained potently neutralized. MAb 6.4C neutralized all Envs as well, regardless of glycan motif; however, the V1 NYS Env remained especially sensitive to neutralization compared to the other four Envs, despite the fact that the NYT variant also introduced a glycosylation site at this position. MAb 13.6A required a glycan motif (either NYS or NYT) for neutralization, while all other nonglycosylated mutations were resistant to this MAb. Once again, the V1-NYS Env was almost 1 log 10 unit more sensitive than the V1-NYT Env, having IC 50 s of 0.77 and 7.19 g/ml, respectively. The results for MAbs 6.4C and 13.6A suggest that although glycosylation status clearly plays a role in neutralization sensitivity, there might be differential efficiency of glycosylation at each sequon.
Amino acid sequence rather than glycosylation status in V2 defines neutralization sensitivity to MAbs. As shown previously, MAb 8.9D potently neutralized 0-month Env 6.3 regardless of whether the N134S mutation (V1-NYS) was present. However, an R189S mutation, present in an 8-month escape variant, inserted the NSS glycan motif at the terminal end of V2 ( Fig. 4B) and was sufficient to render the Env completely resistant to this MAb (Fig. 4A , Env V1-NYN V2-NSS). Surprisingly, glycosylation at this site was not necessary to induce resistance to MAb 8.9D. Substitution of a histidine for R189 resulted in a 200-fold increase in resistance to the MAb (Fig.  4A) . Interestingly, the effect of mutating R189 was further modulated by the presence of the NYS glycan motif in V1. While the V1-NYN V2-NSS Env was resistant to 25 g/ml of MAb 8.9D, it was neutralized 50% at the same concentration when the V1-NYS motif was present (Env V1-NYS V2-NSS). A similar result was seen when V1-NYN V2-NSH and V1-NYS V2-NSH were compared, with the V1 glycosylation motif increasing net sensitivity 10-fold. Collectively, these data suggest a cooperative effect between these two positions in neutralization by MAb 8.9D, with R189 acting as the dominant neutralization determinant. Thus, although R189 was necessary for potent neutralization by MAb 8.9D, changes at both residue 189 and residue 134 modulate sensitivity to this MAb. TABLE 1 . Neutralization sensitivity of a longitudinal panel of subject 205F Env pseudoviruses to autologous monoclonal antibodies and contemporaneous plasma a a Envs from time points relative to seroconversion are shown in the left-hand column. IC 50 s are indicated for each MAb-Env combination. The neutralization phenotype of each Env to contemporaneous subject 205F plasma is described in the right-hand column. Red indicates IC 50 Ͻ 0.2 g/ml; orange, 0.2 g/ml Ͻ IC 50 Ͻ 1.0 g/ml; green, 1.0 g/ml Ͻ IC 50 Ͻ 25 g/ml; and blue, IC 50 Ͼ 25 g/ml.
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A somewhat different synergy between residues 134 and 189 was seen with MAb 6.4C. As shown above, the 0-month Env 6.3 was sensitive to neutralization by this MAb and changes at position 134 did increase neutralization sensitivity by 10-fold ( Fig. 3A and 4A ). Interestingly, substitutions at position 134 had no effect on neutralization in the context of the R189 mutations for MAb 6.4C. When either the V2-NSS mutation or the V2-NSH mutation was introduced, the Envs became completely resistant, irrespective of whether the V1 glycan motif was present or not. Thus, like MAb 8.9D, MAb 6.4C requires an R189 residue for neutralization, but in this case the requirement is absolute and loss of this residue resulted in complete resistance.
In contrast, MAb 13.6A exhibited an absolute requirement for the V1 glycosylation site and the R189 residue for neutralization. Thus, despite containing the V1 NYS glycan motif, Envs V1-NYS V2-NSS and V1-NYS-NSH were resistant to MAb 13.6A (Fig. 4A) . Similarly, any Env that lacked the V1 glycosylation site was resistant as well ( Fig. 3A and 4A ). Therefore, the two residues at positions 134 and 189 play a key cooperative role in antibody neutralization by MAb 13.6A.
Residues 134 and 189 may contribute to a single epitope near the V1V2 stem. On the linear amino acid sequence, positions 134 and 189 occur in the N-and C-terminal regions, respectively, of the V1V2 domain. To gain insight into their position with respect to the three-dimensional gp120 and, in particular, the V1V2 loop, residues 134 and 189 were viewed on a composite, CD4-bound gp120 structure onto which the subject 205F Env 6.3 sequence was homology modeled. Figure  5 displays one possible conformation in which these residues coalesce at the interface of the V1 and V2 loops in a region that could be stabilized by multiple disulfide bonds, including an unusual pair of cysteines in the V1 loop that are found in most subject 205F Envs. This potential epitope is also located directly above the V1V2 stem, which is a highly conserved structure. The mean distance between the C-alpha atoms of N134 and R189 on the basis of the molecular dynamics simulation is 27 (Ϯ2) angstroms, which is consistent with the formation of an antibody epitope. For example, amino acids that comprise the epitope for MAb b12 can be as far apart as 37 Å (68). Thus, it is feasible that the subject 205F MAbs recognize slightly different versions of a novel conformational epitope at the interface of V1 and V2 comprised of these two residues and, in the case of MAb 13.6A, carbohydrate moieties. Furthermore, the variations in neutralization determinants of the three MAbs suggest that this region of V1V2 may exist in multiple conformations, or orientations, several of which elicited a B cell response.
Amino acid changes at residues 134 and 189 do not overtly affect replication fitness in vitro. To date, the question of whether specific autologous neutralization escape mutations exact a replication cost on the virus has not been explored. To FIG. 3. MAb neutralization of Env 6.3 and V1 mutants. Zero-month FPL Env 6.3 was used as a backbone for mutations at residues 134 and 132, and these Envs were assessed for sensitivity to MAbs 8.9D, 6.4C, and 13.6A using pseudoviruses (A). Each line on the graph represents an individual Env pseudovirus, listed in the key. Percent viral infectivity compared to that with no MAb is shown on the vertical axis and was calculated from luciferase units by dividing virus-infected wells in the presence of antibody by virus-infected wells in the absence of antibody. The concentration of each MAb (in g/ml) is plotted on the horizontal axis on a log 10 scale. Error bars represent the standard errors of the means of at least 2 independent experiments. An amino acid alignment of all Envs used is shown with a red box highlighting residue 134, and HXB2 standard numbering is indicated in black (B).
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LYNCH ET AL. J. VIROL. investigate this possibility, the 0-month Env 1.1 and the 0-month Env 6.3 with the V1-NYS and V2-NSS motifs introduced singly and in combination were cloned into a replication-competent NL4.3 proviral backbone and used to infect PBMCs enriched for CD4 T cells by CD8 depletion. Superna-tant was collected every 2 days, and viral p24 was quantified for a measure of viral replication for a 10-day period (Fig. 6) . The subtype C provirus MJ-4 was used as a positive control for replication in CD4 T cells (42) , and none of the Envs tested replicated as well as MJ-4. The 0-month Env 1.1, which contained the V1 to V4 region of the founder virus (53), replicated moderately well, while the 0-month Env 6.3, which resisted neutralization by MAb 13.6A due to its lack of a glycosylation motif in V1, replicated to similar if slightly better levels by day 10 (Fig. 6A ). It is important to note, however, that small differences in replication are not apparent in this assay because of the large variation introduced by using ex vivo cells from three different donors. Thus, in this assay, the ability to escape MAb neutralization by losing a glycan sequon did not adversely affect replication. To completely escape neutralization by all three MAbs (MAbs 13.6A, 6.4C, and 8.9D), however, the 0-month Env 6.3 required a change at position R189, which in one 8-month escape virus was a serine (Fig. 4A) . Interestingly, introducing this autologous escape mutation (NSS) into Env 6.3 had a detrimental effect on replication (Fig. 6B ), a fact which may explain why the V1-NYN V2-NSS lineage is not seen circulating at later time points in seroconvertor 205F (53) . Instead, the escape pathway utilized by later Envs was to create the R189S change while preserving the V1 glycosylation motif. Indeed, when the V2-NSS mutation was introduced into Env 6.3 in combination with V1-NYS, the virus replicated better FIG. 4. MAb neutralization of Env 6.3 and V2 mutants. Zero-month FPL Env 6.3 was used as a backbone for mutations at residue 189 in conjunction with residue 134, and these Envs were assessed for sensitivity to MAbs 8.9D, 6.4C, and 13.6A using pseudoviruses (A). Each line on the graph represents an individual Env pseudovirus, listed in the key. Percent viral infectivity compared to that with no MAb is shown on the vertical axis and was calculated from luciferase units by dividing virus-infected wells in the presence of antibody by virus-infected wells in the absence of antibody. The concentration of each MAb (in g/ml) is plotted on the horizontal axis on a log 10 scale. Error bars represent the standard errors of the means of at least 2 independent experiments. An amino acid alignment of all Envs used is shown with a red box highlighting residues 134 and 189, and HXB2 standard numbering is indicated in black (B).
FIG. 5.
Model of residues 134 and 189 in the V1V2 domain of 0-month FPL Env 6.3. Homology modeling was used (see Materials and Methods) to generate a three-dimensional structure of 0-month FPL Env 6.3 gp120 (in blue) and visualized in the MacPyMOL program. The V1V2 domain is shown in cyan, with disulfide bonds in this region highlighted in yellow. The V1V2 stem is labeled and shown in magenta. Residues 134 and 189 are represented by red spheres.
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EARLY MONOCLONAL ANTIBODY RESPONSE TO HIV-1 911 than the V2-NSS Env, suggesting that the V1 NYS may in some way compensate for the V2-NSS replication cost (Fig.  6C ). Thus, these results argue that the R189S mutation that confers resistance against autologous MAbs had only a minor effect on replication in this in vitro assay system in the context of the V1 glycosylation site, although it is important to note that this mutation was tested in the absence of other compensatory changes that may have been present in vivo.
DISCUSSION
By 8 months postseroconversion, multiple B cell clones produced somatic variations of antibodies that neutralize the virus.
In HIV-1 infection, V1V2 has been shown to be a target of NAbs (26, 63) , and multiple monoclonal antibodies isolated from seropositive subjects bind this region (16, 17, 22) . This domain can confer escape from NAbs as well through either shielding effects or sequence change (47, 51, 54) . Furthermore, V1V2 has been shown to confer strain specificity to the NAb response during simian-human immunodeficiency virus (SHIV) infection of rhesus macaques (30) . Thus, it is not surprising that in addition to V5 and C3 in gp120, the V1V2 region is targeted by early antibodies during subtype C infection.
The current report is one of the first to reveal that in one subtype C-infected subject, the early NAb response is focused upon V1V2 but is actually comprised of multiple antibody specificities, all targeting the same structure within V1V2. Sequence analysis revealed that these five antibodies were mostly likely derived from three distinct B cell clones, although it is also possible that MAbs 6.4C and 8.9D evolved over time from a single B cell. All five showed variation from the germ line preferentially in the CDR, indicating somatic hypermutation. MAbs 6.4C and 8.9D were more highly mutated than the other three MAbs and also displayed greater breadth and potency against the autologous Envs. These observations suggest that MAbs 6.4C and 8.9D had undergone more extensive affinity maturation that increased their efficacy against autologous viral variants. Collectively, the five subject 205F MAbs neutralized all Envs from 0 and 2 months postseroconversion; however, by 8 months, the plasma escape variants were also refractory to neutralization by the MAbs. These data suggest that although these MAbs were isolated from B cells circulating 4 to 5 years after infection, they are representative of the major plasma pool at 8 months postseroconversion. Furthermore, what appeared to be a monospecific response against V1V2 in plasma is actually multiple B cell clones producing distinct neutralizing antibodies against this target.
Mutational analysis reveals that residues 134 and 189 contribute to a novel epitope near the V1V2 stem. It has been well documented that V1V2 can contain neutralization and escape determinants from NAbs (41, 47, 51, 53, 54, 62) , and in seroconvertor 205F, escape through sequence changes in V1V2 was demonstrated previously (53) . Here we define a potential conformational epitope at the V1V2 interface in this subject that is glycan dependent in one case. The three MAbs from 205F evaluated in this study (MAbs 13.6A, 6.4C, and 8.9D) are dependent upon positions 134 and 189 in V1V2 for neutralization to various degrees, with the MAbs showing a decreasing dependence on glycosylation at residue N132 (13.6A Ͼ 6.4C Ͼ 8.9D). MAb 13.6A was the only one that absolutely required a glycan sequon (residues 132 to 134) in V1 for neutralization; however, the NYS and NYT glycosylation motifs were not equivalent in neutralization sensitivity, differing by 10-fold.
Overall, the results imply that the three MAbs recognize a common epitope formed by positions 134 and 189 at the interface of the V1V2 loop. It is possible that each MAb binds the epitope in a subtly different orientation and thus is influenced differentially by surrounding residues. This phenomenon would be similar to the variations seen in MAbs that recognize FIG. 6. Replication kinetics of parent and mutant Envs in PMBCs. Zero-month Envs 6.3 and 1.1 (A) as well as mutant Envs V2-NSS (B) and V1-NYS V2-NSS (C) were placed into a replication-competent NL4.3 backbone and used to infect CD8-depleted human PBMCs. Viral p24 antigen production (pg/ml) in the supernatant was measured by ELISA on day 10 and is plotted as the fold change over that on day 0 on the vertical axis on a log 10 scale. The positive-control virus MJ-4 is shown in black circles, and the mock-infected negative control is shown by black squares. The error bars for each Env were calculated from three independent experiments using PBMCs from three different seronegative donors. the CD4 binding site (9) . A similar pattern was reported for a series of MAbs that were generated against SHIV 162P in macaques (50) . The region encompassing the V1V2 stem has been shown to affect both CD4 binding and formation of the bridging sheet, leading to the possibility that the subject 205F MAbs neutralize by a common mechanism in which they block gp120 interactions with CD4 or CCR5.
Glycosylation plays various roles in neutralization during early infection. Studies of glycosylation patterns in gp120 are commonly performed on the sequence alone, with the addition of putative N-linked glycan motifs often being associated with neutralization resistance. Indeed, there is ample evidence for the role of the "glycan shield" as a robust mechanism of viral escape from NAb (8, 27, 32, 35, 39, 65, 66) . Nevertheless, we provide here further data indicating that the reverse is also true. MAb 2G12 has long been identified as a broadly neutralizing antibody that is directed against glycans in gp120 (55, 56, 60) , and other monoclonal antibodies that require a glycan for binding have been described (13, 63, 64) . Our data offer another demonstration that antiglycan specificities occur naturally during infection and provide an example of how removing a glycosylation motif in V1 can result in autologous neutralization resistance. It is also important to note that the sequence changes associated with creating glycan motifs can themselves be important for neutralization (5, 50) . Overall, changes in glycan motifs can affect neutralization in multiple ways, not all requiring glycosylation, making this an efficient scheme for the virus to utilize for NAb escape.
Replication kinetics of neutralization-resistant Envs are similar to those of neutralization-sensitive Envs. In addition to reducing neutralization sensitivity, escape mutations in Env could potentially affect replication fitness and result in a lower viral load. One study found a negative correlation between autologous titer and viral load in chronic infection, but another demonstrated no correlation between these two parameters in long-term nonprogressors (10, 38) . In subtype C infection, a slight dip in viral load was observed concurrently with the appearance of certain autologous NAb specificities (41) . In vitro data have demonstrated no correlation between resistance to broadly neutralizing antibodies and replication (48) but has found that alanine mutations of targeted epitopes may result in loss of infectivity (46) . To date, specific mutations that arise naturally during infection and confer resistance to autologous NAbs have not been examined for their effect on replication kinetics in vitro. Here we investigated the in vitro replication kinetics in CD4 T cells of Envs with and without the V2-NSS motif, which confers global autologous MAb escape. In the context of the 0-month Env 6.3, the V2-NSS motif had a detrimental effect on replication, suggesting that fitness cost may play a role in autologous escape pathways. However, HIV-1 uses multiple escape pathways and compensatory mutations to overcome this disadvantage. It is possible that further differences could have been detected in a more sensitive fitness competition assays; however, these data suggest that it is quite possible for Env to escape the humoral immune response without overt loss of replication capability.
Overall, this study describes a potential novel conformational epitope that is present in a subtype C-infected subject during early infection and that could be located at the interface of the V1 and V2 loops. This potential epitope was likely recognized by at least three different B cell receptors on the native Env trimer and elicited both glycan-dependent and -independent MAbs. Thus, there are complex and immunogenic structures formed by V1V2 on the native Env, and these may exist in slightly different conformations or be recognized in slightly different ways by distinct B cells. While we presently studied only one subject, these MAbs are likely to be representative of those that arise during the early neutralizing response in many HIV-1-infected subjects, as this response is often focused on only one or a few targets and is readily escaped. The findings provide new insight into why the early autologous NAb response is ineffective and fails to contain the virus. The results also illustrate the power of a single, strategically placed amino acid change in viral escape. The redundant and highly focused nature of the MAbs in this subject suggests that to elicit NAb breadth with an Env immunogen, it will be critical to present only the desired epitope, such as the CD4 binding site, and eliminate others that might divert the B cell response.
